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Fabrication of Zinc-dijffiised Waveguides 
in Periodically Poled Lithium Niobate 

1 Review of Zinc-d«Tused Waveguides in Lithium Niobate 

Quasi-phaso-inaiched (QPM) wavelength conversion devices based on litfcuutfi uriobate 
waveguides have been widely studied for many years- The main applications of this 
technology include telecommunication systems, nonlinear optics, blue laser sources fi>r next 
generation DVDs, etc. [1,2,3]. Several methods are now widely used for fabricating 
waveguides in this material, tibie most popular of which are anncalcd-proton e*eha&gc (APE) 
[4,5,6], Titanium difihsion, and ion implantation. However, each of these developed 
techniques has some limits of applicability [7]. 

Fabrication of waveguides on PPLN substrates generally involves two steps ih a sequence 
that depends on the choice of waveguide formation technology. For example, proton 
exchange involves firstly poling the lithium niobate with a certain period of grating and then 
formation of channel a waveguide, whereas titanium diffusion reverses the order. Annealed- 
proton-exchanged waveguides aro formed at relatively low temperatures (350°C-400°C) 
. [5 ? 6]j so normally the waveguides are fabricated after the sample has been poled (poling after 
the waveguide formation results in a poor periodic grating structure). APE waveguides show 
increased resistance to photorefractive damage, however they support only extraordinary 
guided modes [5]. In addition, proton exchanged layers decrease the nonlinear coefficient .in 
die initial proton exchange layer [6], requiring complex j>ost annealing to recover -the 
nonlinearity. An alternative low temperature technique, ion implantation, requires fixe use of 
ion accelerators and,so is complex and expensive. 

c 

. The normal temperature for Ti diSusion into LiNb0 3 is around 1050°C to 1 100°C [7], tfcis is 
the process used to fabricate Ti-diffuscd LCNb03 waveguides to be used in conventional 
optical components (eg: optical modulators, etc) which demonstrate good electro-optic 
properties, low propagation losses, and support both TBmd TM modes [7J. However, the 
process is not compatible with periodically poled materials, because at such high 
temperatures the periodically switched domain structure is degraded. The alternative 
sequence process, poling after the formation of waveguides has been used with some success, 
bnt the formation of an unwanted tbin domain inverted layer during the high temperature 
process for Ti diSu^ion may cause problems in the subsequent poling. An additional 
weakness of this technique is the worsened photorefractive damage in LiNbOj induced by the 

incorporation of Ti ** ions, which limits the operation of the Ti:IiNb0. 3 based devices to the' 
. infrared and visible range of die spectrum [7,8]. Several methods for suppressing out- 
diflusion have been proposed, for example surface polishing off the 50nm out-di££iised layer 
after thermal processing, etc [S], but those steps add complexity to the technique. In addition, 
it is very difficult to provide a uniform periodically poled lithium niobate (PPLN) structure 
through a Ti in-diffliscd waveguide due to the electrical insulating properties of the lithium 
out-diffused layer m the waveguide area [7,8]. 

To overcome such difiScultics, low temperature diffusion (below 1000°C) is desirable, 
requiring the use of elements with high diffusion coefficient and low activation energy. In - 
this case,' Zn appears to be a good choice [9]. In fact, low loss optical waveguides in IiTa0 3 
.?od LiNbO 3 by 2n difibsion from the vapor phase have been demonstrated previously 
[9,1 1], There is also a report on the fabrication of £inc-diffascd waveguides in y-cut 
■ ^' IiNb©-j -for li32,um "wavelength operation "by diffiising metallic Zn for applications to 
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electro-optic (EO) devices [10], but this has not been previously mvcstigated for^e.^ 
crysS ^ometry necessary for electric-field-poled WW The formation of Zinc waveguides 
S subsStes grownby the CzochxaHn method (where the PPLN domains ace formed 
too the crystal a* itSgrown) have also been made by Zn^ion W v^or ph^^ow 
temperatures [12]. However, fabrication techniques for the fabrication of ^-d^d 
^guides on PPLN have not been fully established ytf^ especially for z-cutel «^fieM 

Uthium niobate. In particular it should bo noted that the closest reports of 
So Czochralshi-grown PPLN use a geometry in which the pyrocloctec charges jdo not 
SLdf the polinf^aractcristi^ and for which the material itself » hrmted m terms of 
quSty and commercial viability. In our case, our ability to use z^cut substrates is surprising, 
as the pyroelectric effect is strongest for the z~cut geometry. 

In this renort, we present fabrication of Zn-diffuscd waveguides on z-cut electric field poled 
PpSl S^Sfdifllidoo of a metallic Zn film. Various fabrication conditions were 
MsZaS optimised to obtain good quality waveguides for different wavelengths 
SroughX^crStion of mode profile! numerical aperture (NA), spot sizes etc. 

2 Fabrication of Za-diffused PPLN Wavegnide 

In order to create a standardised route towards creating high-quality .Zinc^iffuscd 
w^ve^des in z-Tut clcctric-field-poled PPLN crystals, two distinct fabrication xouteswere 
first approach was based on the assumption that rt would be possible to 

destination of a novel route towards ineorporatmg Zmc-dafrused wavegmacs mw uuu 
nioSte crSals after they have been poled forms the basis of the .rexnaxnder of thrspatent 
^tiTaUow^g^yield Mgh^uality non^hotorefractive devices to be fabricated 
using a coxaplstely new process. 

During our first febrication investigation, initial attempts to pcriomcaUy-pole Mgh- 
Suture Zn-diffused LiNbO, proved unsuccessful owing toth* presence of.to^O 
o^iffosion induced domam-mverted layer on the * faee^which is similar wxth the case for 
Ti-difmscd LiNbO 3 , this thin layer will block the electric field pohng. 

Figurel abow the poling of wet etching by diluted HF:HNO s (1 ;2 by volume) solution 

sample first, fabricating Zn-diffused waveguide afterward. 
J I High electric Field Poling of Lithium Niobate 

A z-cut 500-^n thick, congruent liNbO , crystal is first cleaned in an ultrasonic bam at a 

temple of50*C. then ^^tT^^llZ 

on which we defined the periodic pattern (A - 6.50um, lOum) by using a ^ 

mask aligner. 

... ErtST^Ca «dT«*r .o .U* a «*»d current 
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curve , the po»ng process termini when a predefined charge Q ( =2APs, A: opeumg Area; 
Ps : Spon taneous polarisation, for liNbO, , P S =0.72uCmm-) had passed through the crystal 
The applied electric field is around 22.4 kVAnm, which is the appropriate value fox 
reversal in LiNbO , . The time duration of the poling is proportional to the calculated charge 
value which depends on the area to be poled. After pofeg, the samjfc was inspected under a 
horoscope using crossed polarizers in order to check the quality of PPLN. 

It should be noted that an additional consideration important to this 
prodding idgh^uahty periodically poled structures, m htam mobate ay**** 
EZiani recent experiments into the mechanics and optimisation of P^*°^ 
IX d mSais we^ave discovered that tho highest quality and highest yield PPLN grating* 
£t££3 Sv^to periodic patter ax, applied For example, it » , «ta to 
Sricate a 'perfect' 10-um-widc PPLN grating over a distance of centimetres than i is rto 
c^te a l mrTvSde grating (an effect likely due to avoiding as many defect srtos a fcc 
£vt£ « TMs effect also applies to the achievable periods in the sample, as the 
•SIS fgratmgs Sows finer P^^^ f ^S 

achieved, which is also more difficult in wider gratings. In the case of fa ^ ca ^ S 
wSSdm PPLN for high-efficiency se^nd-harmomc-generation, it is often the case that 
such' short period gratings are required. 

One of the primary benefits of our investigation into creating a process that aUows ua to 
One ot me primary DC u . . ppT^r samtJ ics is mat the pohng yield can be- 

, - etlV fl11v r^ATiffp Hie ooliae characteristics later oil as Typical w^vt-siuuv 

Zincdiffiision into the material can be precisely defined °° f v < ^ 8 ^f^XhXue a 
ensure perfect alignment and therefore maximum device Z^SSSltSZ 
of Si grating poling and Zinc-diffusion are combined, this provides an excellent 
towards high-yield device fabrication. 

/ 2 Zn Diffused Waveguide on WW by Thermal Diffusion Technology- 

After Polim, Tne lithium mobate ^^SE^" 
particulates that could cause contanunatron ^^uenc ™m J^otion, 
diffused channel waveguides strips spaced 1M ^^,^ 0 ^yZ^w Because Zn 
with widths varying from l.Oum to 7umwerc J^ 1 1 J^3SS^- 
atoms adhere poorly to the surface of LlNbO , [10J, a 3-iunm uuot ™ ^ ^ 

wareplaced rate a covered ptettam crucible m a ta^tempcreluro oved. 
Hare, the ttamd Mi«orion cycle mvolvcs hcslmg the ^ * 

. 12L^sn« A i* ««* . ma ■ ons " 



listed on Tablel . 



ft 




Figure 1. Poled alter thormat diffusion.. Periodical poind grating on ^diffused wavbguloo under the 
Sacioafter wet etching, the period of the PPLN Is lOum. the width of wavogulde la Sum. 




In order to make sure that the PPLN is still preset after ^^^ffZ^f^T,' 
one sample (No.2 on Table 1) was etched in a solution of HFJJNQa (1:2) for 10 rnmutes. . 
SumT shows- the poling before the thermal Zn diffusion of the waveguide cm k to 
£o£tc under fee microscope and Figure 3 shows the wet etching result of a ^ ^ B ^c ; 
diffused region on PPLN with a 10 urn period grating, (^mpa^on of Jie figmes 
dSon^tfi the uniformity of the preserved grating over the entire length of toe _poled 
sample and thus the problem of the smdom fluctuations m domam wall Potion * 
ovSome This result confirms that the periodically inverted domain structure of the PPLN 
substrate mamtadns ita original form during the diffusion processes. • -■ • 
After waveguide fabrication, mo end .faces of the sample weitput and polished to allow 
optical characterisation. The final device length was approximately 12mm. 

3. Characterisation of Zn-difrased Waveguide on PPLN _ 

Characterisation of the Zmc-diffcsed channel waveguides was earned out using- a Ho-Ne 
S ~ 632.8™ ) fibrc^butt coupled into the channel waveguides. A lOx lens was used to 
- S the output beam onto a CCD camera mounted in a tratislatton stages which can be 
moved along the beam propagation direction so mat the near and far field modes can be 
rSrfcdT id me CCD S^Swas linked to a PC which allows the measurements of spot 
size of the waveguide, mode profile and numerical aperture (NA) eta. - 
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Time (min) 


Thickness 


Diffusion 


NA-Y 


NA-Z 


Spot stee-y (um) 


Spot srzoz {urn) 


• 




(nm) 


Tomp {°C ) 










1 


- 80 


80 


930 


0.070 


0,105 


4.09 


3.26 


2 




80 


930 


0.074 


0-094 


4.74 


3.51 


3 


150 


80 


930 


0.064 


0.082 


6.34 


. 3.71 


4 


180 


80 


930 


0.050 


0.080 


6,87 


3.9S 


5 


80 


80 


900 


0.093 


0.104 


4.34 


3.11 


6 


120 


100 


930 


O.OSO 


0.109 


4.43 


3.23 


7 


120 


120 


93Q 


0.089 


0.115 


3,81 


3.14 


8 


120 


150 


B30 


0.090 


0.120 


3,49 


3.08 



Figure 4 shows the TM and TM mode profiles for chaimol waveguides in sample No 2. Hese, 
Hie -width of the deposited metal, was 2.0-aja, the modes arc single mode (for wavelength of 
633am) with mil width at half maximum (FWHM) mode size of 4um in y direction and 
2.5um in Z direction for TM mode and 4.3um in y direction and 3. Sum in Z direction for TB 
mode. Figure 4 indicates that Zn-diffuscd waveguide supports both TM and TE mode 
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was 2.0um, tho mode Is single mode with spot size ot 

mode and 4.3um in y Erection and 3.6um in 2 cBfocQor> forTt moae. 



The far-field techniqito has been adopted to measure the NA of waveguide, figure 5 shows 
the dependence of the spot size of samplo No.2 on the distance of the CCD camera to the 
focusing point, obviously larger distances lead to larger spots and in turn give a better 
estimate of the N A. When the distance D » core size of waveguide, the NA tends to be a 
constant figure which is 0.08 in y direction and 0. II in z direction. 

Based on the NA obtained, the refractive index change (An) of sample No.2 has been 
calculated, the An is around 0.0015 in the y-dirertion and 0.0025 in the z-4irection under the 
diffusion conditions listed in Table 1 . 

Figure 6 shows the dependence of the FWHM spot size and tho NA as a function of diffusion 
times that is varied from 80mm to ISQmin. In all cases, tho thickness of Zn films was 80nm 
and the diffusion temperature was 930 C°. The longer the diffusion time, tho bigger spot size 
and the smaller me NA obtained. It is observed that tho spot size change in the z direction is 
smaller than, it is in tho y direction, the reason for the dependence is being studied,' The 

- dependence of the FWHM spot size and the NA on thickness of the Zn film was also 
measured and is shown in Figure 7, the samples with Zn film varied from 80nm to ISOnm 
were diffused at a temperature of 930 C° for 120 roin. Figure 7 indicates that a thicker Zn 
film results in a smaller spot size and a larger NA Figure 8 shows the dependence of the 

• width of single mode channel waveguides for different wavelengths as- a function of the 
diffusion time at a diffusion temperature of 930 C°, where the Zn film was 120nm thick. 

From Fig.7, it is clear that the thicker the Zn film is, tho smaller mode spot size and better 
confinement of the waveguide^hcace higher the power intensity within the waveguide. But . 
thicket Zn film, result in a rougher surface dne to the Zn remnant (which was probably paused 
" by Zn-J-iNb03 reaction in ihe air) after the'thcrmal indiffiision processing, hence higher 
propagation loss due to the scattering of light in the waveguide surface, it was also found that • 
when Zn film is 1 50nm, the remnant is fax more rough than that of 120nm. 

From figure 5 to figure 8, It is clearly shown that fabrication channel waveguides for 
different wavelengths reqinres different diffusion conditions, samples with thicker Zn film 
diffused at a shorter time is favourable for the fabrication of single mode channol waveguides 
with strong confinement and small spot size, thinner Zn film and longer duration, time; is 
suitable for single-modo channel waveguides with smaller NA and bigger spot size. The 
tradc-otf of difSfuaion conditions of fabrication single mode channel waveguides for 
wavelength of 980nm, 1064nm and 1550nro arc listed in tabic 2. 

TaWo2. Th« t radg off diffusion conditions of Waveguid e fabrication far different wgvntenptha, ___ rr ~ 

- - Thtnfcrt^asofzino ^Ti Z 7^7 Diffusion . Deposited Zinc strip 

Wavel ength (nm) Diffusion Tlmo (mm) ■ TerT , pRtatljre m wrath (tw) 

: ^—960^ ; 80 ~80 " S30 



1064 80 



1S50 120 



3.: 

120 930 3' d 

120 ' 830 . *~ 6.4 



A Nd:YAG laser at 1064nm was then used to study how effective the "poling before Zn 
diffusion" approach would be in achieving unifoxmity of the periodically switched domain 
structure inside the Zn waveguide after tho thermal diffusion. High quality domain gratraga 
are required for quasi-phasc matched second harmonic generation (SHG) in waveguides. The 
incident beam was TM polarized in order to take advantage of the optimal non-linear 
susceptibility tensor coefficient d M . An end polished wavoguide sample with PPLN of 
S.Sum period and a Zn waveguide of width 3.6um (the diffusion conditions, as listed, in Table 
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2 ) was put on a temperature tuneable oven, the output* beam was focused into an optica] 
power meter, the power of SHQ green light (532nm) from Zn^diffuaed waveguide on PPLN 
was measured based on different temperature. The quad-phase matching curve dependant on 
t uning temperature shown in figure 9 indicates (he QPM temperature is around 145,1 C\ the 
maximum output external SHG power of 150uW was recorded for a internal pump power of 
30mW of fundamental beam, which corresponds to a conversion efficiency of 16,7%/Wcm 2 
with the waveguide length of 1 Omm, 

The measurement was earned out for 3 hours and no photorefractive damage or SHG output 
pov/er fluctuations were fbimd This indicated that tho mflusnco of photorefractive ^effect 
induced by generation pf the second harmonic beam was depressed due to the Zn diffusion 
waveguide. 
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Figure 7, Dependence of FWHM spot ate and NA on 
thickness of the Zn film 



Figure 8. Dependence of width of single mode „ 
waveguide for different wavelengths an the diffusion 
tlmns. 
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Figure 9, Dependence of SHG output pawnr on the QPM tomperatura. 
The continuous fine is calculated, the spots Indicate experiment data. 



4. Pisqussion of Advantages of Zn-diffuiscd Waveguide in PPLN 

la comparison to TMndifibsed and annealed proton exchanged ivavegradcs in Lithium 

Niobatc, Zn-djjSused waveguides have following, advantages: 

v » . * • . ■ 

. jjigh resistance to photorefractive damage: Zinc-based waveguides arc 
expected to allow efficient operation at room temperature and bloc/visible 
operation, bom of which are unattainable via Ti-diffiision or Proton Exchange. 

• Hioh-yield periodic poling before diffusion: Zn-diflfusion is carried out at a 
lower temperature than Ti-difrusion (930°C rather than 1050°C) allowing the 
periodically-poled structures and nonlinear coefficient d„ in the sample to be 
completely preserved. This is a huge advantage as poling can be performed in 

' virgin wafers using pre-optimiscd parameters for a nigh yield, and with no 
diffusion-related issues of material modification. 

• Support both TB and TM modes; The Zu diffused waveguides support both 
TE and TM modes, a result unattainable via Proton Exchange. 

• Hi<m production efficiency: As the diffusion time for Zinc diffusion into, 
lithium niobatc is far shorter than that for Ti diffusion or annealed proton 
exchange [6,7], high volume production efficiency will also increase 
accordingly. 

. Novelty; Zmc-diffusiou into swnii PPLN is a completely new technique feat 
has yet to be exploited. Ti-diffusion and Proton Exchange (despite their 
various drawbacks) are well established at various facilities worldwide, _ 
particularly Paderbom and Stanford Universities. 

5. Wfc at we claim in this invention. 

1 . Fabrication of PPLN by high electric field poling by Gel electrode. 

2. Zn diffused waveguide in Z cut LN by thermal metallic dif&sion. 

3. Zn diffused waveguide by thermal metallic diffusion m Z-cut PPW made by high 
electric field poling. 
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